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THE ELEGTRIGAL STRUGTUEE OF TEUNDERSTORMS

+

By B. J. Workmen &nd R. E. Holzer

SUMMARY

The electrical charge structure of thunderstorms was
studied by the use of continuously synchronized records ~of
the electrical-potential gradient at the surface of the

earth under the influence of active storms.. The potential- °

gradient records were obtained from eight recording gener-—

ating voltmeters that indicate the poten%iaI gradient with B _
& time—resolving power of 1 second. ) R _ f S

The sudden chapngés in the potentlal gradient due to )
lightning strokes were used to calculate the eign, "the mag—
nitude, and the position of the charge change egsoclated
with individual strokes. An analysls of a large number of
lightning strokes indicated charge magnitudes from 10:to
190 coulombs. Thése strokes include transfers of negative
electricity to the ground in the case of oloud—ground
strokes and discharges that dissipate dipolea within the
cloud. OCalculations of the position of the dipole eleménte
indicate that a typical thunderstorm has a negative chaFge
center about 1.5 miles above the base of the ecloud and
near or within the region of maximum vertical convection.
This negative charge center is assoclated with a positive
charge center that, in the initial stage, s always adbove
the negative charge center with a charge separation of )
approxime tely 0.5 mile., The upper péeitive charge. center
is frequently shifted away from the vertical position and
toward the direction of motion of the storm. The existence
of thie chargd configuration 1is confirmed by the continuous

e m  aae -

The earliest diechargee that gccurred in a storm were
"found to consist of strokes which discharged nearly vertil- —

cael dipoles, As the storm developed, the separation between

the - elements of the dipole increased and, when the dctivity
was sufficiently intense, gtrokes occufreﬁ between the lower
negative charge center and the ground: As the storm pro—

greesed, the poeitive charge center’ ebmétimes spread to the

outer and the lower edges of the diloud dna thue gave rise to
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inclined and, in some cases, nearly horiszontal discharges.
The processes of charge generation appeared to be directly
asgocliated with the existence of preciplitation forms, and
no considerable amount of charge separation was found 1in
clouds before the cumula-mimbus phase was exhidbited. Both
positive and negative charge centers were found to de above
the calculated position of the zero isotherm.

INTRODUCTION

In reference 1 is descridbed a recording generating
voltmeter that gives a continous record of the electrical-~
potential gradlent at the surface of the earth due to
thunderstorms., ¥rom six to eight of these generating
voltmeters have been used in such a way as to give a con-
tinuous synchronized record of-the potential gradlent at
the surface of the earth over an area of about 80 square
miles during thunderstorm activity.

Preliminary reports of these investigations (refer-
ences 1, 2, and 3) have shown that records thus obtained
for a number of stations during the activity of thunder-
stormes provide a reliable method of determining (1) the
signe, the magnitudes, and the positions of charges in-
volved in lightning strokes by observing the potential-
gradient changes produced by the lightning strokes at
each of several stations in the vicinity of the storm,
and (3) the approximate gross charge structure of a storm
by observing the sign and the magnitude of the potential
gradients at several stations.

This report givee results of charge distribution in
thunderstorms obtained through the use of eight of an
improved type of recording generating voltmeter durling the
gummer of 1939, The potential-gradient data have been
correlated for the first time with continuous motion-picture
photographs (at 10-sec intervals) of the cloud during the
period of influence over the instrument fleld, In addition,
‘careful visual observations relative to cloud location, form
of cloud, and type and position of visible discharges were
made from the observatlon tower at the Albuquergue Airport.

The writers wish to ackpowledge the generous cooperation
of the United States Weather Bureau in many phases of this
wvork, The Weather Bureau made avallable at all times the
observation facilitles of the Albuquerque station. Mr.

Erle Hardy and Mr. C. F. Van Thullenar of the District
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WVeather Bureau extended valuable personal assistance in
sonsultation on meteorologicel problems. Valuable asslsi-
ance in obtaining fleld data was rendered by Mr. @Gereld
Bowen, Mr, David Lyon, and Mies RBlizabeth Roorbach, students
at the Universlty of New Msxico.

THEORY OF METHOD

The surface of the earth 1s represented as an iInfinite
conducting plane in figure 1. A charge of electricity at
some helght 'H above the surface will, 1f it 1s concentrated
or sphericelly symmetrical, produce a normal gradient at
eny point P a distance R from 0 such that

B = —2
. (E® + B2)3/3

in electrostatic units, This result follows directly from
classical image considerations of electrostatics, If Q
48 in coulombs and H &and R are in miles, then E 1in
volts per centimeter wlll be ' : -

70_gE T e T
(g® + B0)3/® '

The surface—gradient pettern is symmetrical about the ver-
tical axis. It is of interest to recall that the value

of the potential gradient at any point on the surface 1is
equal to 4mg, where O 1s the surface density of the
charge induced on the surface.of the earth, measured 1n
electrostatic units. The summation of the surface charge
over the entire area influenced by the cloud charge will,
of course, be equal and opposite to the net charge Q.

If more than one concentrated charge exlsts above the
plane, the resultant potential gradlient at a point on the
surface may be determined -by taking an algebraic sum of
the gradients for the spparate oharges as determined by
the foregoing relation., The solid curve in figure 2 shows
velues of the potential gradient at varlous distances from
the vertical axis of & 100-coulomb charge 2 miles high. The
dashed curve gives valuee for a 100-coulomb charge 4 miles
high. If these two charges of opposite sign were to exist
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simulteneously as a dipole,_the resultant potqntial gradient
at the various points on the surface would bé indicated by
taking the difference in. the corresponding ordinates of
these two curves. ,

Flgure 3 shows the potential-gradient pattern for two
dipoles, one of which 18 vertical and the other ineclined.
The vertical dipole coneists of two opposite charges of
100~coulombs magnitude, one 2 miles high and the other 3
miles high. The inclined dipole has the upper charge dis-
placed 1 mile to the right of the origin. It should bde
noted that the potential-gradient pattern due to the ver-
tical diole, represented by the solid curve In figure 3,
is symmetrical about the vertical-dipole axis. The potential=-
gradient pattern due to the inclilined dipole is symmetrical
only with respect to a plane through the dipole axis per-—
pendlcular to the surface of the earth., The dotted curve
in figure 3 shows the variation of the surface gradient
along the intersectlon of this plane and the surface.

If only one concentrated charge exists above the sur-
face, it can be completely described by four coordinates:_
three space coordinates and a charge magnitude. WExperiment-
ally, the magnitude, the position, and the sign of the
charge can then be completely determined by four indépend-
ent measurements of the gradient at the surface of the
earth. Hence, four recorders are sufficient for the de-
termination of a single charge. In general, the guanti-
tative determination of n concentrated charges requlres
4n coordinates or 4n recorders. One important special
case 1s worthy of mention. If the structure is a simple
dipole, 1t may be descrided by seven coordinates instezd
of elght because the magnitudes of the two charges in the
dipole are eguel.

It 18 at once evident that a complete quantitative
description of a single thunderstorm at any one instant
would require a prohibitively large numder of recorders
and that the analysis of the data would be very difficult,
if possible &t all. The key to the successful quantita~
tive application of the technigque Mere described is the
lightning stroke. JIn general, the lightning-stroke dis~
charges limlited portions of the thunderstorm consisting
of one or more oharged reglions that may be treated as
concentrated charges 1f the recorders are widely distri-
buted over the surface of the ‘earth underneath or unsar
the storm. If the potential gradisnts at a number of
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récorders are measured immediately before .and immediately
after a stroke, the differesnce in the respective gradlents
before and after the stroke is the gradient pattern of the
. oharge structure involved in the stroke. This pattern 1is
frequently simple encugh for analysis with eight recorders
beceuse many strokes carry a charge of one sign from cloud
to ground or discharge a single dipole within the cloud.

In complicated repeated strokes or 1in sequences of sfrokes,
which are fregquently observed visually and photographically,
eight recorders do not supply sufficient data for quanti-
tative analysis. " An extension of the technique for ana®--
lyiing these more complicated strokes by use of eight
recorders with the high time-resolving powers is described
under Discussion of Reeults.

The maegnitude and the sign of the gradients at elght
recorders, observed at any instant when no lightaing stroke
ocours, cannot be used for quantitative analysis of the
storm. In splte of this faot, a study of the gradient
trends 28 & storm grows or diminishes, or approaches and
passes across the inetrument field, gives valuable qual-~
itative information about the gross storm structure,

APPARATUS

‘The ins'truments used during the gsumnmer of 1939 are
very similer in construction and operation to those deqeribed
in reference 1 except for the following modification: The
gensitivity has been increased to the extent that the in-
struments are capable of indicating values of the same
order of magnitude as fair-weather potential gradients at
the surface of the earth. This increase in sensitivity
~was accomplished through the use of a more gsensitive elec-
trometer.  Better temperature control and the elimination
of mechanical vibrations wére obtained by using two boxes
.for each installation., One of these boxes contained the
driving motor, the rotating sector, and the lamp; the
second bdox conpected to it by means of a short rubdber
tube (3 in. in diam.) housed the electrometer, the re-
eordlng mechanienm, and the electrometer betteriee.

A Bchematis draving of the 1mproved electrometer is
shown in figure 4. A quartsz torsion—type element similar
to that of the sarlier model was used with a plate system
eoneisting of quadrants of a ehort oylinder of braes 1 26

——
.
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inches long.. A thin plece of brass foil was soldered to
each quadrant in such & way that it could be proppéed away
from the thicker metal of the quadrant and thus provide

a simple meens of adjusting the deflectlon charecteristics
of the lnatrument, The deflecting element shown 1in the
figurs conglsts of a thieck quarts fiber (25 microns in diam-
eter) that was cemented across the center of a torsion
fibver from 6 to 8 microns in dlamefter end about 1 inch
long. This deflecting element has a reke-like structure
of quartz at one end (see fig, 4) with five short fibers
extending parallel to the torsion fiber. These short
fibers provide multiple indicators that have the effect

of lengthenlng the scale. The other end carries a short
heavy fliber mounted parallsel to the torsion fiber for
mechanical and electrical dbalancing.

The guadrant plates of the electrometer are malntained,
in opposlite palrs, 45 volts above and below ground, respect-—
ively; the element 1s directly connected to the commutetor
brush that makes contact with the rotating sector. Light
from the illuminated indicators passes through a narrow
s8lit in the. plate syetem to the lens thet forms images of
the indicators on an 0,00l-inch recording slit,

Thies arrangement of plates and deflecting element 1s
advantageous in that it is relatively easy to adjust the
inetrument so that the voltage sensitivity is much greater
in the lower ranges. Also, extreme deflections chnnot
cause the deflecting element to stick to any of the station-
ary parts.

The weatherproof boxes housing the instruments were
mounted in the ground in such a way that the top of the
box would be effectively flush with the nearly level ground.
Considerable care in selecting 3ltes was teken to avcid
close proximity to extended ground odjects such as build-
inge, trees,and power or telephone lines, In no case 4iad
a ground object extend more than 5° above the horizontal
a8 viewed from the inetrument positions. ©Eech instrument
was, connected to a power line through e rubdber~covered
wire placed Jjust under the ground, Figure 5 is & map
glving the location of each instrumént by number and &
scale of miles, with the observation tower on the adminis-~
tration bullding of the Albuguerque Airport taken as an
.origin., The approximate ocutline of the city of Albuquerque
is shown as a shaded portion of this, map,

The region nsar Albuquerqué has & relatively smooth
terrain with a gradual slope from the east and from the
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west toward the Rio Grande. The extreme eastern border

of this region la bounded by mountaine that rise abruptly
to a mean height of spproximately 4500 feet above the land
to the weat of them. This ridge, conslsting of the Sandis
Mountaine &t the north end and the Manzano Mounteins at the
south end, extends in & north-~south direction along a line
approximately 12 miles eaet of the airport station.

DISCUSSION OF METHOD

Jdbservations teken in the menner indiceted provide the
following lines of attack on problems of thunderstorm atruo-
ture. . )

A. TVigsual and photographic obgervations from two
different stations make posgible the locetion of the clouds
in epace, the location of the reglon of most repid vertical
growth, and the rate of progress of the etorm.

Bs Vieuel observation of the position of lightning
strokes, frequency of occurrence of visible strokes, and
position and extent of rain sheete mey be used to supple-
ment the date on clouds or, in part, to replace the oloud
ocbservations when the sky is overcast."

C. Datae from the potential-gradient recorders can
be used in two ways, ZIirst, information on the sign and
the magnitude of the simultaneous gradlents at several
stations gives a gross gualitative picture of a neerdy
storm and, eecond. en analysis of the.sudden changes in
the potential 'gradients accompanying lightning strokes
gives e ploture more limited 1n scope but more detailed
end quantitative.

If reasonedle care 1s taken in obtelning and using
the data, the validity of the first two methods of attack
on thunderstorm structure cannot be serilously guestioned,
Séveral impbrtant questions mey arise, however, as t0 the
meening and the use of the data obtained by the gradlent
recorders; (1) Do the recorders mesasure gradlents at the
surface in a reliadle manner? (2) Are the surface gradlents
seriously affected by space charges between the cloud and
the ground?! (3) To what extent are the assumptions made
in calculations of charge maghitude and poeition valid,
nnder ectuel thunderstorm conditione? T
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These questions may be answered in the followlng way:

(1) A number of tests have been .made in laboratory
and .field to check the valldity of the measurements and
the reliability of the instruments. The instruments were
visited on an average of once a day and were calibrated
in place soon before or just after each storm. Calibrations
were made by placing & plate above the top of the recorder
and parallel to the recorder and malnteining it at known
potentials with respect to the box., The recorder gave the
same response within the tolerated limits of acocuracy for
the same celculated potential gradient regardless of the
plats separation as long as the edge effects of the con-
denser formed by the plate and the dox were not significant.
Purthermore, the speed of response to rapid changes in the
potential gredient was adéguate to indicate reliadbly the
changes in potential gradient due to individual strokes
separated in time by 1 second or more; that 1s, the total
change in gredlent during e stroke was accurately measured
but the changes in gradient due to the separate elements
of a repeated lightning stroke were not recorded. - (On
several occaslons the electrometer indicator underwent
sauch rapid fluctuation that good photograephic traces were
not made.)

(2) It is well known that, when potential gradients
which exist under thunderstorms become sufficiently great,
many ground objects with large curveture, such as twigs
and needles of treesgs and bushes, wires, etc., produce corona
"discharges. If these corona discharges give rise to an
appreciable space-charge sheath above the surface of the
ground, the surface gradient will be materially affected.
While an active thunderstorm is passing over an instrument,
lightning discharges passing into or_through the region
between cloud and ground may introduce charges in this
space and thereby mask the charge structure above it.

The poseible effest of thess space charges on the
results must be estimated by careful examination of the
experimental data. In the case of sudden changes in the
Potentlal gradient accompanying lrightning strokes, the
answer le fairly clear. Changes 1n potential gradient
. due to lightning strokes can freguently be observed
several miles (up to 15 miles by the method described in
this paper) from the active region of the storm in cases
where the resultant potential gradient due to the astorm
a8 & whole 18 less than 10 volts per centimeter and, in
some cases, as low as the normal gradient of the earth.
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Anelysis of the charge structure producing these changes
g€lves the same approximate heights of the charges above

the surface and the same order of magnitude of the chaTrge

as an analysis of potential-gradlent changes in the cease

of storms close to or over the instruments. It is safe

~to assume, therefore, thet, in oconclusions based on sudden
changes 1ln the gradient, the effect of space charges between
¢loud and earth do not cause errors large enough to affect
the order of magnitude of height or the quantity of charge
es calculated from the measurements. In neardby storms

& larger percentage of small charges are measured, but this
result is to be expected because only the largest dlscharges
would measureably affect the distant instruments.

In deductions based on the magnitude of the potential
gradlient rather than on the rapid changes in the gradlent,
effects of space charges may be more significant. "Even
here 1t 1s unlikely that the space shéerges between cloud
‘and earth would, under prevalling conditions, produce a
reversal of gign of the potential gradlent. |

In & storm developing over the instruments before
the oclocud reaches cumulornimbus proportions, the gradients
are generally not more than a few times the fair-weather
gradient in megnitude. The gradients begin to increase
rapidly within a few minutes before the first intracloud
strokes-oceur, From the first rapid increase of gradilent
until the first dlscharges occur between sloud and ground
and, until the first rain sheets develop, the only space
charge introduced that will appreciadly affect the gradlents
at the surface must result from corona diecharge from sur-~
face objects. The space charge thus formed may decrease
the magnltude of the surface gradient but will not reverse
the elgn of the gradient. ) : o

Both the sign and the magnitude of the recorded gradl-
ents should be correct in front -of a storm already developed
and advancing toward the instrument field.-

The situation is more complicated in the case of a
well-developed thunderstorm over the field, dut the treat-
ment of the data 1s such that errors due to this condition
can be avoided, as will appear 1in Concluding Remarks.

(3) The assumptions made in calculating the magnitude
and the posltion of charges dissipated dy lightning strokes
are: (&) The charges involved in the strokes are concen-
trated or are essentially spherical in distribution; (D) the
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earth 1s an infinite conducting planes and (c¢) the stroke
does not involve gross redistridbution of charge outside
of the charge regions actually drained by the stroke,

Agaln, the Jjustification of these assumptions is based
on experimental observations. In the case of a large number
of strokes, the pattern of the potential-gradient changes
on recorders not directly under the storm is consistent
‘with the dissipation of a single charge center or two charge
centers of opposite sign. In the case of about two-thirds of
the strokes in a storm, the situation is too complicated for
analysis with only eight recorders. The existence of these
complicated discharges involving many centers in time se-
quence 1s amply checked by many visual and photographic
observations on strokes. Because the maximum spread of the
recorder positlions north and south is 10 miles and east and
vest is B miles, the distances between the cherge region
and the distance recorders is large by comparison with any
reasonable dimension of a charge volume within the cloud
affected by a eingle stroke. The assumption of a concen~-
trated charge is valid therefore, in a large percentage
of the cases.,

¥o measurements have been made on the conductivity

of the ground at Albuquerque under varying conditions of
moisture, and no direct evidence is avallable omn the question
of whether any gross redistribution of charge oceurs during
strokes outside of the reglons directly connected by the
stroke. That these points do not affect the measurements
seriously is evidenced by the fact that a large number of
measurements taken under different conditlons of soil mois-
ture and under different meteorologzical conditions always
produce a large number of potentisl-~gradient changes, the
analysis of which yields the same solutlon for heights of
positive and negative charges, Also, the ordsr of magnitude
of celculated charge transfers 1s approximately the same

for different storms, similar in height above ground and

in intensity.

It 18 not the purpose of this study to present precise
measurement of charge magnltude or position, It is felt
that the very nature of the phenqomena preclude precise
measurements, The aim of the study is rather to give un~
ambiguous information as to the character of the thunder-
etorm and to present quantitative date that are correct
in order of magnitude,
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DATA ON STORMS OBSERVED DURING AUGUST 1939

By means of visual and photographic observations and
data from the eight potential-gradlent recorders, a study
was made of eight storms occurring during August 1939, .
Figure 6 is a map of the instrument field and the surround-
ing territory. The positions of the potentilal—-gradient
recorders are indicated by dote and the corresponding re-
corder numbers., The location of the motion—~pilctiure-camera
ig shown in the lower left-hand corner. The origin of the
polar coordinate system 1ls at the airport statioan from
which all visuasl observations were made. Tho reference
line 6 = 09 4is north with values of © increasing Iin
the clockwise direction. The coordinate R 1is given 1in
miles from the airport station., For location of charge
structures a cylinder coordinate system is used, The sym-
bols B and €6 have the foregoing meaning and H 1s _the
height in miles above the surfece, Because all points on
the map except the mountains at the eastern edge and a
mesa at the western edge have the same elevation within
400 or 500 feet, the surface 1s treated as & plane.

Smoothed time records of the potentlal gradlente at
..8ll instruments for the storms of August 25, and August 20,
which were studled in detaill, are shown in figures 7 and 8.
Reference should be made to these figures for trends of
gradients accompanying changing storm conditlons _described

in the following text,

Table I includes the changee in potential gradients at
the instrument locatlions as caused by 32 strokes 1n the
storm of August 35. L The approximate megnitude and location
- of the charges involved in these strokes as determined from
an analysis of the potential—-gradient changes 1is also given.
It should be noted that, 1n all cases 1in which the observers
at the’ airpert etation observed the stroke visually and
heard the resulting thunder, the estimated distance of the
nearest part of the stroke as calculated from the thunder
data checked the calculated distance to the charge structure.

The strokes reported. in table I were selected becauee
the potential gradient changes exhibited were character—
istic of the particular interval of the storm during which
they occurred. Date were actually taken for 74 strokes in
this particular storm, but a eatiefactpry enalysis for a
single charge or a dipole structure could be made in only
32 of these cesea, It has been found, in genseral, that
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about one third of the strokes for which data are taken
yield to analysis when elght recorders are used. It should
be noted that strokes for which data are ordinarily taken
are the mediun~sized or large strokee. The gradient changes
due to small strokes within the claud frequently do not
record on enough instruments to make an analysis possible.

In_the following text, the description of the storms
is divided into convenient intervale, 7The time as.given
at  the beginning of each paragraph indicaetes the beginning
‘of the interval.®

Table IIA gives the calculated elevation of the helght
of the cloud base and the 0°C isotherm on days for which
storm descriptions are given., These calculations were made
from temperature and humidity data; a dry adiadbatic lapse
rate was assumed to the cloud base and a pseudoadiadbatic
lapse rate was assumed from the cloud base to the 003 igo~
therm, Table IIB gives wind data for the elght storm days.

Storm of August 25, 1938

Cumulo-nimdus developement occurred over the Sandla
Mountains to the northeast of the field in the early after-
nocn starting about 1 p.m. Small gradient changes were
recorded for the larger strokes of this developmsnft, but
the potentiel gradlients over the fileld were near zero.
Between 2 and 3 p.m., curulus clouds began to develop over
the eastern edge of the instrument field and became towering
cunmulus or early cumulo-nimbus at the end of this period.

2:64 p.m.: A tall cumulus cloud with maximum height
of 6.4 miles centered over recorder 5., (See fig., 6,) The
cloud -base was 1.5 miles above the surface. The gradients
initially rearly szero, began to go rapidly negative on re-
corders 5, 1, and 7 at about 2:;58 p.m. (See filg. 7.) )

* The writers regret that the storm data given in the follow-
ing testare complicated and extremely tedlous. It 1s to be
remembered that the descriptiomns of the storms have been
condensed from a large volume of notes and from the photo-
graphic records of the clouds. Discussion of several of
the storme has been reduced to a minimum, bdut it seems
necessary to glve relatively complete information on one

or two storms for the purpose of facllitating a critical
examination of the conclusions given later in this paper.
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3:00 p.m,: The first strokes within the cloud were
recorded electricelly & few seconds after 3;00 p.m, and
18 strokes were recorded between 3:00 and 3306 p.m: at a mean
frequency of three per minute. Thunder wee heard only
once and.no lightning was obssrved at the airport. station
less then 4 miles from the region under the active .charge-
generating center.. Strokes 1, 3, and 3 in table I ‘were
selected as representative of this In¥ervel. Tne analysls
of the strokes indicated that the active center was located
at a helght of 3 to 4 miles above a circle of radius 1 mile
with center at @ = 75°, R = 3 miles. (The coordinates

.- refer to fig. 6.) 1In this interval the cloud base wes
. 4inecluded by the lines @ = 20° and g = 120°, R varying

from O to 7 miles., The maximum value of R osoocurred at
g = 4500

3:06 p.m,: The first rain sheets were observed at 3:09
Peme A heavy rain sheet was located at 6 = 259 %6 )
.6 = 43°%, gand 'R = 3 milee, and a2 light rain sheet from
6 = 55° to @ = 75° at R = 4 miles, The height of the
cloud top was approximetely 5.6 miles, as determined
from the photographs. The stroke frequency was ~ 2,7 per
minute and the active center was approximately located dy
the coordinetes 6 = 669, R = 4 miles,. H = 3 to 4 miles.
.Elight #trokes, 4 to 11, in table I were analyzed for this.

* dnterval, Occasionael thunder was heard, 'The first cloud

ground stroke was observed at 3:11:48 p.m,

3:123 p.m., The rain sheet from 25° to 45° continued
heavy. The cloud base increased somewhat, extending about
0.5 mile farther west than before. The maximum cloud height
vas 5,7 miles, The stroke frequency fell to 1.7 per mlnute;
The active center was located at 709, 4.5 miles, at a helight
of 3 to 3.6 miles, The strokes were princi{ally within the
cloud during the intervel., Three strokes, 12 to 14 ocour=
ring in this interval were analyszed.. T

—

& large cumulus cloud et 1459, 4 miles was. observed.

-3:18 p.m.: The rain sheet centering at 27°, 3 milea,

vas mueh lighter than before. The cloud height was 5.5 miles,
The edge of the cloud baee now pawsed through the following
points: 6 = 0°6 R = 2.6 milesy 6 = 450, R = 7; @ = 9009,
R=4; 06 = 226, R = 0.6., The stroke frequqncy continued

at about 1.5 per minute with the-active, center at © = 700,

R =3 to 4 miles, H = 3 to 4 miles. Strokes 15 and 16

* occurred in this interval. The center of the growing.

cunmulus to the south was estimated to be at 156°, 3 miles.
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3:24 p.m.: The horiszontal exteat of the cloud re~
mained essentially unchanged. The rain sheet at 27° was
somewhat diminished in _intensity. The stroke freguency
wae about 1,7 per minute. 4 larger number of cloud ground
strokes, including.17, 18, and 19, ococurred during the in-
terval, -Analysis of these strokes indiocated that the active
cenfer was at 509, 3,5 miles; 2.6 to 3,5 miles above the
surfage. The cloud to the south had an eltitude 5.4 mlles,
and an increased horizontal extent.

3:30 pvm. The extent of the cumulus ecloud over and to
the northeast of the station showed relatively little change,
except that it had extended to a distance of 8 miles at 300,
The stroke frequency was 1.7 per minute.

3:36 p.m. The rain eheet at 35° was growing much
heavier during the interval, The stroke freguency fell to
1 per minute and no strokes were analyzed. The cumulus
cloud, eoutheast of the station, was rapidly approaching
the cumulo~nimbue stage. ‘

3:42 pem.: The rain sheet at 36° sontinued and one
ground flash was observed at 40°, Lightning activity in
this storm decreased nearly to zero. The cloud to the
southeast hed-developed into definite cumulo~nimbus form
with an extensive rain sheet from 106° to 1900, the nearest
portion of which was 3 miles at 1400, Shortly before the
appearance ¢f this rain sheet, the gradienmt on recorder
7?7 went rapidly negative. (See fig, 7 for the gradient trends
- on a2ll instruments at this time, The s trocke frequency 1in
this storm sveraged more.than 3 per minute during this in-
terval. Prequent thunder to the south was heard at the
alrport. ) '

3:48 p.m.3 The storm to the northeast shdwed no light~
ning activity and only light scattered rain, The storm to
the southeest was very active with a heavy rain sheet between
136° and 180°, the nearest part of which was 3 miles from
the airport. The stroke freguency increased to more than
4 per minute. Frequent thunder to the south and southeast
was heard at the airport., ¥No cloud ground strokes were
observed during the interval, )

33564 p.m. There was relatively little change since
the last interval, .except that the bases of the two clouds
had merged and the entire eastern half of the sky was over-
cast. The rain sheet continued heavy between 1359 and 180°,
The northern edge of the raln sheet was now close to the
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airport statlion. The stroke frequency fell slightly to

3.5 per minute, and one cloud ground stroke weas observed

at 160°, 6 miles. Frequent thunder was heard to the south-
eest.

4:00 p.m.: The heaviest rain sheet remained at the
previously reported position (136° to 180°) although light
scattered rain was observed under most of the eastern seg-
tion of the cloud from 80° to 135°., Stroke frequency fell
to 2,7 per minute. Oloud ground stroke 21 was observed, .
-There was frequent thunder from the eoutheaet.

4:06 p.m,: The conditions durimg the interval éﬁangea
relatively 11tt1e. except for a slight decreaee in stroke
frequency. -- — f**—“ — --

4:13 p.m.: A heavy rain sheet from 1200 to 150° de—
veloped &t an-estimated -distence of 4 miles, The negetivae
gradient on recorder 7, which had fallen during the decreas-
ing storm sctivity again became markedly negative and the
stroke fregquency rose abruptly to 3 per minute. Four cloud
ground strokes, 1nc1ud1ng 32, vere oheerved. . )

4:18 p.m.: The rain eheet reported in the previous
interval continued heavy; lighter rain wes falling between
it. and the atrport station., The Btroke frequency agaln
fell to 2.5 per minute, Four cloud ground etrokee, includ~-
ing 23 and 24, were obeerved. .

4:24 pom.t Little ohange was observed in the cloud
base or the rain sheet., The stroke frequency contlnued
at 3.5 per minute. Two cloud ground strokes, 25 and 26,
were observed. - o

4:30 p.m.t Stroke frequeney continuved at 3,5 per
minute. Three cloud ground strokes, inecluding 37 and 238,
were observed. QCumulus clouds extending from 200° to 3100
along & north-south 1line about, 8 miles weet of the station
developed during this interval.

4:36 p,m.t Two rain sheets from 95° to.1120 and from
126° to 165°, heavy at 102° and 1609, respectively, wers
recorded, The stroke frequency fell to 1,3 per minute,

Two cloud ground etrokes, 29 ant 30, were -observed. A

. towering cumulus, perhaps esdrly cumulo-nimdbus, was observed
at 240°, 7 miles; the top was approximately 5 miles above
the eurfaoe. : :
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4:42-p.m,: -The stroke frequency in the southeast
storm fell to 1 per minute. One cloud ground flash weas
observed. The cloud at 2400 developed a rkin sheet.
Occasional lightning was observed. Stroke freguency in
this storm was probably greater than 1.5 per minute.

4348 p,m.: The rain sheet to thse south-~southeast
continued light. The stroke frequency in this storm
was less than 0.5 per minute. The clouds previously men~
tioned between 200° and 310° developed into towering cumulus
or cumulo=-nimdus., The cloud at 240° had moved, or developed,
towvard the east, The nearest part of its rain sheet was
observed at 220°, 6 miles (estimated), The stroke frequency
as indicated by the recorders was approximately 1 per minute;
no llghtning was visually observed.

4:54 p.m.: The activity in the storm to the southeast
had greatly diminished. The rein sheets were extensive bdut
very light, The negative potential gradients at recorders
1, 6, end 7 were decreasing. The negetive gradient on re-
corder 2 was increasing with the approach of the growing
southwest storm,

5:00 p.m3 The negative gradient at recorder 7 ap-
proached zero, The rain sheet 'in.the southwest storm was
recorded as extending from 2080 to 230°, at 6 miles (es-
timated).. The stroke freguency was estimated at 1 to 1.5
per minute. No lightning strokes were visually observed,

53106 p.m.§ During this interval the sky became com~
pletely overcast. Two strokes were observed at 2550,

5:12 p.m.: The storm in the vicinity of the station
had apparently dissipated. The gradients at all recorders,
except recorder 2 close to the southwest storm, were nearly
zero. The rain sheet at 233° remained nearly stationary at
a digtance of 5 to 6 miles. .

5:18 p.m.: Oonditione remained nearly the same.
Several distant strokes, including 31, were opserved between
200° and 3009,

5:24 p.m,s Several distant strokes, including 32,
vere observed between 208° and 312°, .

5130 p.m, to 6:00 p.m,; The activity of all nearby
storms 4iminished. A storm, centering at 300°, developed

gseveral miles west of the field and moved slowly toward
the field, with diminishing activity., Towerd the end of
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the interval, it had approached sufficlently close to
produce posltive gradlients on the western recorders before
it disaipated shortly after €:00 p.m.

Storm of August 230, 1939

The afternoon was characterized by widespread and
intense thurderstorm msctivity. Between 2:00 and 3:00 p.m.,
en extensive serles of storme developed between 250° and
3300 from 10 to 20 miles weet of the instrument field and
moved toward the instrument field. Between 3;00 and 3:30
p.m., frequent lightning was observed between 260° and 3269,
a few of the larger ahd rearer strokes were recorded elec—
trically by the field 1nstruments.

Beginning at 3:12 p.m. a series of storm centers af—
feocted the instrument fleld. The paths of the active cen-
ters of theese storms are shown in figure 9, Roman numerals
ere essigned to each active storm center affecting the
field and the letters refer to the approximate center of
the active region at corresponding particular time. The
time intervels between the euccessive storm positions shown
in the flgure 4s 12 minutes, .

Between 2:00 and 3:00 p.m, the sky above the instrument
flield was overcast by high clouds, After 3:00 p.m., the-
field was gradually covered by lower cloude developing over
the field or moving in from the west. At 3:45 p.m. the sky
was completely overcest except between 1200 and 180°, | After
this time tha position of active centers was determined by
positions of greatest lightning activity, rein sheets, or
both-

A summary of the obhservations from 3:12 to 5:12 p.m,
is given below by intervals of 12 minutes. All times are
after noon.

3:12 « Positlon &

! Storm I was first observed at positon A (see fig. 9)
as a large cumulus or en sarly cumulo-nimdbus ecloud. No
relin sheet appeared at this time. The stroke frequency was
probably sero, but the storm produced small negative gradients
at recorder 4,
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'3.24 — Position B
Storm I was & large cumulus or cumulo—nimbus cloumd.
The stroke fregquency was less than 1 per minute with tde
storm stlll producing negative gradlents at recorder 4.

_.3336 — Position O

Storm I was a cumulo—~nimbus cloud. The stroke fre—
quency wae less than 1 per minunte. (See fig. 8(b) for
the negatlive gradlents on recorders 4, 6, 8, and 3.) It
is possldble that there was a second development south of
recorder 4, The northern sky was overcast at this time,
The rain sheet centered over C,

3:48 — Position :D_'

Storm I: The rain sheet had disappeared. No further
observations were made on this inactive storm.

Storm II: A heavy rain sheet appeared. An znalysis
of strokes that occurred during this perilod 1ndicates
positive charges at 4 miles and negative chargesg 2 mlles
above the surface. The positive charges were displaced
1l to 2 miles southesst of the negative center.,

Storm III: An active lightning center had developed
at vosition D. Seven cloud—ground strokes were observed.
The gradlents in the southwest section of the field were
becoming positive.

4:00 — Position E

Storm II: Twenty—two strokes were visually observed.
The positive gradient at recorder 6 remained constant,
while the negative gradient at recorder 4 increased.
Stroke analysils indicated that the positlive charges were
3.5 miles above the surface; the negative charges were 3
milee above the surface. The positlive charges were é&is—
placed to the southeast of the negative charges, The
total stroke frequency recorded slectrically was between
3 and 4 per minute.

Storm III: Five stfokes were visually obeserved. The
total stroke frequency was between 1 and 3 per minute. The
gradients on recorder 2 went sharply negative about 4:06 p.m,.
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4:12 ~ Position ¥

Storm II: Fourteen strokes were visually observed.
The stroke frequency fell from between 4 and 5 per minute
to 1.5 per minute during the l2-minute interval. The
gradlent at recorder 4 went sharply negative and became
unreadable beceuse of rapid fluctuatlions with the closer
approach of the storm. The gradients over the entire
field were strongly positive except in the vicinity of
recorders 4, 3, and 2, which were near active centers.

Storme III and ¥V: The situation wes complicated by
the close proximity of theae storms. There were six
strokes observed between 250° and 270°. Thunder placed
the position of storm III at F. Two strokes were observed
at 290°, This result, with the rapid growth of negative
gradlents on recorder 3, suggested development of a storm
close %o recorder 3, deslignated storm V., The combined
stroke frequency of the two storms was about 3 per minutbte.

4:24 — Posltlon G
Storm II: Four strokes were %isually observed. The
stroke frequency had again increased to 2,5 per milnute.
The gredlent at recorder 4 was still unreadable.

Storm III: Storm III wes at position G. The strokes
were within the cloud, two of which were observed visually
ebout 1 mile west of the alrport, These were the last
strokes observed in this storm. The charge structures
enalyzed showed inclined dipoles with negative charge 2
miles high and positive charge 3 miles high and 3 miles
eaat of the negative charge. The subsequent course of the
storm could not dbe “traced.

Storm IV: A heavy rain sheet developed between 50°
and 70°, centering at @, Four strokes were observed visu—
ally - between 70° and 90° estimated from 6 to 8 miles,

The gradlents on recorder 1 became negabtive.

Storm V: The heavy rain sheet,K from 280° to 300° was
estimated to be about 4 miles from the alrport. £ix strokes
were visually observed. The probable stroke frequency was
3 0 4 per minute. The gradients on recorders 3 and
went rapidly negative.
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4:36 — Posltion H

Storm II was apparently inactive and posidion H was
extrapolated from the storm'e previous motion. ZRecorder
4 became positive, There were no further observations on
this storm. . . ’

Storm IVY ZFour strokes were visualiy vbserved between
70° and 90°, the distance being estimated at 8 miles. Re—
corder 1 reached a negative maximum and started to decrease
with the recession of the storm from the fleld and with 1its
decreasing inteneity,

Storm V: There was a marked increase in activity.
Eighteen strokees were vipually observed between the alrport
end recorder 3. The total stroke frequency wes about 3
per minute. A heavy rain sheet extended to the airport.
The gradient at recorder 6 dropped to zero, and the nega—
tive gradients on recorders 3 and 2 decreased in magnitude.
The positive gradlent on 8 decreased to zero.

4:48 — Positlion I
Storm IV: No activity was observed.

Storm V: Thirteen strokes were visually observed
within a radius of 1 mile of position I, The total stroke
frequency was about three per minute. The stroke analysis
indicates negative charges 2 miles and positive charges 4
miles above I. One cloud—ground stroke was observed.
Heavy rain occurred at the airport. Recorder 1 and 5 be—
came negetive with eastward progress of the active center.

5200 — Position J '

Storm V: The stroke frequency was less than 1 per
minute. The approximate position of the actlive center was
at J. All the recorders at thils time were negative except
recorder 2., Distant lightning was observed from 90° to
120%, which was probably unrelated to any of the storms
near the fileld.,

After 5:00 p.m., 1t was not possible to locate any
centers of activity. Occasional thunder was heard for 20
minutes but- no lightning was observed in the vicinity of
the field., XNo explanation of the.variatlons in the gradi-—
ents between 5:00 and 6:00 p.m. can be glven because of
insufficilent information for the anatysis-of a very compli-
cated atruecture.
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Storm of August 2, 1939

The day was characterigzed by cumulo-nimbus development
from late morning until late afternoon. 4bout 1:50 p.m.,
repld cumulo—nimbus development was first observed at 0°, &
miles. At this time, the ocloud base was about 1.5 miles
above the surface and the top was at 4.5 miles., Recorders
1l and 5, nearest the storm (the northern recordere wers not
in operation), indicated negative gredients ineressing from
1:50 to 2:00 p.m, and decreasing to sero at about 2:10 p.nm.
During the perlod of growth, the stroke frequehcy was about
1l per minute falling nearly to zeroc at 2:10 p.m, By 2:25
P.m.,, the storm was no longer active and the gradlents were
slightly positive.

At 2:30 p.m..a second rapid cumulo-nimbdbus development
wveas observed in the vicinity of recorder 2. The cloud base
ves 1.5 miles and top 3.5 miles high. 3By 3:00 pem. the top
had reached 6 miles when a limited celling prevented further
observations; between 2:30 and 2:40 p.m., all the gradients
were negative end remailned negative until between 3:26 and
3:55 p.m, During the period that the storm was over the .
south part of the field, the stroke frequency was at a
maximun, reaching about 2.5 strokes per minute. As the
stroke frequency dropped to zero around 3:30 p.m. all gre—
dlents decressed and became zero or positive., All gredi-
ents were approximately zmero at 4:45 p.nm. '

Storm of August 6, 1939 ' '

At 2:35 p.m. a cumulo—nimbus cloud developed at 235°,
7 miles. The cloud bases were approximately 1.5 niles high.

Between 2:30 and 2:45 p.m., gradlients at recorders 3
and 7 became negative and slightly increased. At 2:55 p.m.,
two other cumulus developments were observed at 185°, 6
miles and 250°, 5 miles, respectively. 'The tops of these
clouds were approxmiately 4 miles above the surface. GCor—
responding to the continuation of these developments, there
was & rapld lncrease in the negative gradients between 2:50
and 3:00 p.m. on recorders 3 and 7. Shortly after .3:00
P.m., the sky became overcast and further cloud observa—
tlons were impossible. The gradient on recorder 3 returned
to zero at about 3:40 p.m. and subsequently became positive.
The greadient on recorder 7 remained negative, either. due
to the westward motlor of the storm south of recorder 3,
or to a new development near recorder 7, Recorder 7 fi-
nally became positive at ahout 3:55 p.m. Both recorders 7
and 3 returned to zero about 4:45 p.m. The storm Intensity
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on this day was very weak, the stroke frequency not exceed-
ing 1 per minute in the nearby storms. Recorder 4, approxi-
mately 14 miles from  these developments, showed slightly
posltive gradients until 3:45 p.m. when the gradient be—
came markedly positive and then markedly negative around
4:40 p.m.  The last observation probadbly does not corres—
pond to the storms affecting recorders 3 and 7.

Storm of Auguaf 9, 1939

Between 2:00 and 2:30 p.m., & storm developed at
260°, 10 miles (estimated) and proceeded toward the south—
west edge of the recorder field. -

2:42 p.m.t The storm was 6 to 7 miles (estimated)
from the airport when the gradients at the nearest record—
ers, 3 and 8, became positive.-

2:54 p.m.: The gredients at 3 and 8 became negatlve
with the closer approach of the storm to position A of
figure 10 and the gradients at the reamining recorders be—
came posltive in succession. Recorders 2 and 6 were posi-—
tive. The total stroke frequency was 4 per ninute. Two
strokes per minute were visually odbserved.

3:00 p.m.t The stroke frequency fell to 2 per minute
and the negative gradients at recorders 3 and 8 fell
slightly. The positive gradienta at the remaining record—
ers increased,

3:24 p.m.?! The storm showed renewed activity with an
active center at position B (fig. 10). The stroke fre—
quency 1lncreased to 5.6 per minute. The gradlents at 3
and 8 became rapldly negative reaching values of 150 to 200
. volts per ocentimeter. The positive gradlent at recorder %
fell to zero anmd again increased slightly, and the positive
gradlents on the remaining recorders decrsased slightly.

3:36 p.m.t The active center had reachéd 280°, 2
milee, and the positive gradients at recorders 5 and 7 were
decreasing rapidly and at recorder 1, slowly. The gradi-—
ente at recorders 3 and 8 fluctuated dut remained negative.
The stroke frequency haed agaln fallen to 2 per minute.

3:48 p.m.: The stroke frequency fell below 1 per minube
as the active center moved north of the airport statlion to
positlion O, The gradient at recorder & fell rapidly to sero
and the gradlent at 8 decreased. The gradients at recorders
5 and 7 became negative and submequently positive.
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43200 p.m.: There was a slight increase in aoctivity
of the storm now at position D, The stroke frequency
rogse to 1 per minute. The gradients at recorders 3 and
8 Pecame positive. The gradient at recorder 7 remalned
posltlve and the gradients at recorders 1 an& B beoame
negative,

4;12 p.m, t0 5300 pem.: The last-mentlioned inoreased
activity was short-lived. The stroke frequenoy fell to
0.3 per minute between 4:12 and 4:24 p.m. and then o zero.
There were two osclillations of the field that could not be
interpreted in the absence of obeservations on lighining
strokes, concentrated rain sheets, or cloud structure. The
sky was overcast.

~

Storm of August 10, 1939

The afternoon was characterized by the development of
meny small storme moving from southwest to northeast. No
storm achleved the proportions of the storm of August 8,
and the lightning strokes were relatively infrequent threugh—
out the afternoon.

At 1:30 p.m., a towering cumulus was observed at posi-—
tion A (fig. 11). At 2:00 p.m., this oloud now at B had
Geveloped to the cumulo—nimbus stage and the gradient at
recorder 4 dbecame repldly negative reaching a negative
maximum at 2:16 p.m. At 2:00 p.m. recorder 6 became nege—
tive. : .

A% 2:10 p.m., a cumulo—nimbdbus cloud with a light rain
sheet wes observed at 0, Recorder 3 became slightly nega—
tive., This storm increased in size and moved %o the north—
east. At 2:30 p.m., a light rain sheet appeared at B and
at 2335 p.m. it had extended to recorder 6. Beginning at
.2:20 p.m., recorders 3 and 6 became rapldly negative. Re—
corder 8 became slightly positive at 2:25 p.m. and repidly
negative after 2:30 p.m.  Recorder 4 indlcated alighitly increasel
negebive gradients between 2:30 ana 2: 40 Pelle, paasibly
caused by this storm, -

The, negative gradlent at recorders 3 and 6 reached
.theilr maximum values at 2:40 p.m. and &t 8 at 2:50 p.nm.,
consistent with the northeast motion of the storm. Re-
corders 5 and 7 indicated slightly negative gradients be—
tween 2:40 and 3:00 p.m., probably due to the storm between
the poslitions D and B. The storm reached position E at
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3:10 pem.; after which no further observations on ‘1t were
nade. Rgcérder 3 became slightly positive after 3:00 p.nm.

Between 3:00 and 4:00 p.m., the negative gradilents
observed at recorders 5 and 7 may have been produced by a
large cloud moving ir from the southwest, reaching the
girport at 3:00 p.m., and passing over the extreme south—
eest field, This ocloud had no raln sheet and gave no
visual evidence of lightning activity. No certain evi-—
dence of 1its effect was obtalned,

At 3:30 p.m,, the gradlents were zero at recorders 7,
6, and 3, and slightly negative at recorders 6, 8, and 4.
At 3:30 p.m., the negative gradlient at recorder 4 began
inoreasing rapidly reaching a maximum negative value at
3:40 p.m, At about 3:46 p.m., a rain sheet was observed
at position ¥. The gradiente again decreased to zero at
4:00 p.m,

~

Storm of August 13, 1939

The large storm reglon that affected the recorders
in the latter part of the afterncon developed 1in the
northwest, centering at 330° approzimately 30 miles at
about 2:30 p.m. The storm region moved toward the record-
er field, with high oclouds passing over the field at leas?t
an hour before lightning activity reached the field. Ow-
ing to the extent of the cloud and the variability ol its
lightning activity and raln sheets, 1t was not possidle
to follow any one actlive center for a long perlod of time.
It was poseible, however, to observe the effects of a
number of active centers during the storm. Throughout
the storm period, frequent lightning was observed at some
dlstence from the field. Only those centers that were
close enough to affect the recorders are described. The
gradlents at B—-minute intervals are given for all record-—
.ers in table III, )

Between 3:15 and.3:30 pem., 10 strokes were observed
between 310° and 340° at distances from 12 %to 15 miles,
The gradients at all recorders were zero or positive and
increansing in a positive directlion. The gradlents were
greatest at recorderes 6, 4, and 3 and smallest at recorders
7, 6, and 1. A%t 3:15 p.m., the western half of the sky
was overcast with heavy clouds having bases about 1.2 miles
above the surface.
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Between 3:30 and 3:45 p.m., the center produced no
viesible flashes. Oloud activity continued, dbut stroke—
frequency estimates were unreliable, The gradlients were
not greatly changed from their values at 3:30 p.m, exoept
thet recorder 1 showed small negative values during the
interval,

From 33145 to 4:00 p.m,, the positive gradients at
recorders 4 and 3 decreased, remained nearly constant at
recorders 2, 8, and 6, but inoreased at recorders 1 and 7%,
probably due to the motlion of the charges from the now
insctive center toward and over the field.

Shortly after 4300 p.m., the gradients at recorders
8, 3, 6, 4, and 1 became negative, most rapidly at record-
or 8. At 4:08 p.m,, Tain sheets were observed at 320°,
340°, and 15° and strokes ocourred in a region centering
at 0°, 6 miles, ’ C ' oo

Trom 4:16 to 4:40 p.m., this active center moved to
40°, 3 miles., RBight strokes were observed, Gradients at
recorders 8, 6, 3, and 1 remained negetive, at recorder 8
increasing, and at recorder 1 Geocrsasing at the end of the
interval., The greadients at recorders 2 and 6 remained
posltive with little change. Recorder 4 becanme posigive
about 4:25 p.,m. A raln sheet was observed between 0O  and
60°, heavy at 10° and 40°, at about 3 miles, '

From 4130 to 4:45 p.m., the rain sheet became more
extensive, spreading from 350° to 80° and reaching the
eirport statlon, Twenty—~two strokes were visually observed
between 0° and 70°. The strokes nearest to the station
about 2 miles away were within the clouvd. Two ground
strokes were observed between 3 and 4 miles away. JTFourteen
of the strokes were too distant to produce audidle thunder.
Apperently, the aotive regilon previously reported had in-—
creased in intenslity and one or more new centers had de-
véloped between the northeast part of the field and the
mountains, The grafient at recorder 8 was strongly nega—
tive, end less so at 3 and 6,

Between 4:46 and 5:00 p.m., & heavy rain sheet reached
the airport stetion. Heavy rain was visible in ell direo—
tions except between 200° and 260°, Twenty—two strokes
centering at 0°, 2 miles were observed, The gradients at
recorders 4, 1, and 23 were positive, Recorder 5 becane
negeative during the interval, The gradient at recorder 8
was negative until 4366 p,m,, after which it became positive.
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Shortly after 5:00 p.m., the lightning activity
ceased end the gradients gradually approached zero after
some fluctuations.

Storm of August 16, 1939

The afternoon was characterised by widespread thunder—
storm activity. Between 3:40 and 4:12 p.m., the sky became
overcast over the entire recorder field. The location of
active reglone hecame. impossible except by noting position
of raln sheets and lightning activity. Railn sheets were
first observed over the mountains and later appeared over
the fleld, The westward development of the raln sheets un—
doubtedly was not due to a westward motion of & storm dut
rather to the development of the storm over the field, be—
cause the winds at all levels were essentially from the
north end the westward progress of the rain sheets was %oo
rapld for any motion. of storm centers, The gradients at
all recorders were nearly zero before 4:00 p.m. At about
4:00 p.,m,, the gradient at recorder 6 went rapidly negative,
reaching values of 160 velts per centimeter by 4:05 p.m.,
owing to a cumulo-nimbue development near A. (See fig.
12,) 3By 4:15 p.m.,, the negative trend at recorder 6 was
followed by a rapid negative trend at recorders 1 and §,
owing to a storm developing at G, At 4:20 p.m.,, & raln
sheet appeared near 0 and at 4:30 p.m., & rain sheet de—
veloped over Albuguergque with =z center at B. During the
interval, recorders 3 and 2 indicated slight negative
gradienta.

Between 4:30 and 5:00 p.n., frequent lightning strokes
were observed over the recorder field between 0 and D,
During  this time, all recorders were negative including
recorders 2 gnd 3, which showed increasing negative gradl—
ents after 4:30 p.m. The active center of the storm and
the raln sheef proceeded from D to B between 5:00 and B:15
Pe.n, and finelly disslpated after 5:;15 p.m..

Between 5:20 and 5:85 p.m.,, all recorders became posi—
tive. At approximately 6:00 p,m,, all regorders again in—
dicated negative gradients (small exgept at _recorder 1),
due apparently to an active center developing in the vi-—
cinity of 1 and moving toward the southwest., This center
41d not show lightning activity, possibly due to the de—
crease of surface heating in the late afternoon.
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"'“DISCﬁSS{ON'OF RESULES' ' -

The storms studled during August 1939 in The vicinity
of Albuquerque were similar in vertiocal dimensions. The -
cloud bases were all approximately 1.5 miles ‘above the sur—
face} about 2.5 miles above sea level. No lightning activi-
ty was observed in any cloud with a top less than 4.5 miles
above the surface, that is, with a cloud depth of less than
3 miles, The well—developed storms had maxinmum heights
between 5.6 and 6 milesd above the surface. ’

The principal differenoes between the. Various storms
lay in their horizontal extent and intensity. The storms
with the greatest maximum height were the most extensive
and most active. The most extensive storms, those of
August 13 and 20 had-more than one active center.

The aimilarity of vertical dimensiona simplifies the
problem -of comparison of charge positions within the cloud
on different thunderstorn days, Caution must be ezercised,
however, in using the calculated .heights of charges above
the surfece of the earth for Albuquerque storms in reglons
with characteristically lower clouds. The posi*ion of the
thunderstorm charges with respeoct to the 0° ¢ isotherm or
the cloud base may be of more physical significance than
height above the surface. ZEven though quantitative meas—
urements on charge posltion may not be applled to other
regions without correction, these observations on thunder—
storm structure directly relaeted to the fundamental charge—
generating processes should bé generally applicable. -

All the evidence obtained points to the concluslon
that, in the active charge—generating region of the storm,
the positive charge is higher and the negative charge 1is
lower in the cloud, The.conclusion is supported by the
followlng observations:

1. Whenever e cumulo—-nimbus cloud developed over the
field, the first gradients observed were always negabtive
et the recorders close to its base, The gradients were
largest and grew most rapidly underneath or close to the
region of most repid vertical development of the cloud,
The negative charges in the cloud overhead dominated the
nesrer  £ield and hence must have been lower in the cloud
in the formative stage of the cumulo—nimbus., -The observa—
tion 1s particunlerly significant beocause at the time the
first gradients are observed the reglon betweén cloud and
ground 1s not affected by space charges,
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2., Analysis of the gradient changes produced by the
firset lightning strokes in a storm show that the charge
structures disalpated consist of vertlcal or inclined
dipoles with a lower negative charge and an upper positive
charge having a vertical separation of a mile or less.
These calculations give support to the exlistence of the
charge structure described in section 1l.

3« In the case of well—develcped storms -that moved
across the recorder fileld, the gradients at the recorders
first became positive while the active center was at some
distance., As the storm approached, the gradients became
larger. When the active center came stlll closer, there
was a reversal of the sign of the gradient. The gradlents
remained negative whille the active center was near or above
the recorders. As the active center moved away from the
recorders a second reversal occurred, that is, the gradi-
ents agaln became positive,. The reversal after the active
conter had passed was sometimes farther from the active
center than the first reversal. This pattern of gradleant
trends was ocharscteristic of every well—developed moving
storm observed in August 1939, which was well developed at
the time it affected the field instruments, An eramina-.
tion of the character of the surface—gradient pattern pro-—-
duced by a dipole structure (see Ffig. 3) with positive
charge farther from surface shows at once that the usual
sequence of gradient itrends described can be accounted for
if the cloud has a higher positlve and lower negative
cherge. The magnitude of the positive gradlients and their
wide surface distridbution in advance of the storm indicates,.
however, that the upper positive charge is larger and is
frequently dlsplaeced 1n the direction of storm motlion, with
respect to the negative charge. 8ince the gradient obser—
vations are made when space charges exist between cloud
and earth, independent check is desirable, This check is
supplied by observations and calculations described in
sectlions 4 and 5.

4. In the case of all strokes that could be analyszed,
(approximately one—third of those attempted), the lightning
stroke discharged one of the following structures:

(a) A dipole within the cloud with positive charge
farther from the surface (in the case of a few
gtrokes at the same distance from the surface)
than the negative charge, or

(b) A eingle negative charge in the lower part of the
cloud. . )
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These results were obteined by analysis of the gradient
changes on recorders at distances of several miles from
the active center as well as redorders in the vicinity of
the active center., In any one storm %he negative charges
affected by the lightning strokes were at a characteristi~
cally lower elevation than the positive charges, In the
moving storms the positive charges involved in the light-—
ning strokes were found to be displaced forward as well as
upward from the negative charges in a large number of
strokes, These observations are in asccord with the quali-—
tative observations of gradieant trends in the case of a
storm moving over the recorders, as described in section 3,

5., Bven though it ie impossibdle to analyze a large
number of strokes in the storm.with only eight potential—
gradlent recorders, the reletive frequenoy of positive and
negative gradient changes at different dlstances from the
active center should confirm the general charge structure
based on other observations. If the gradients due to two
charges of the same magnitude at different helghts above
the surface are compared, it is found that the surface
gradlents due to the lower charge are larger for pointse
near the charges whereas gradients due to the upper ch e
are greater for more distant points., (See figs, 2 and 3
If the positive charges in the sotive region are higher,
their influence will be dominant at distent points and
lightning strokes affecting both positive and negabive
charges will therefore produce negative gradlent changes
at dlstant points, Positive gradlent changes will be pro—
duced only by the discharge of a lower negative charge to
ground and will be observed at distant stations only in
the case of the larger ground: strokes, When the active
roglon is overhead, the strokes wlll produce only positive
gradient changes because the negative charge dominates the
fileld. The sign of the gradient ochange will be the eame
for both cloud—~ground and intracloud strokee in this case.

Upon examination of the records of well-developed
storms thet moved into or across the recorder field, it
wes found that, when the storm center was far from a par—
ticular recorder, all but a few strokes produced negative
gradient changes, As the storm moved toward the recorder,
the negative changes became larger and a larger number of
poslitive changes were observed, As the active center moved
within 2 or 3 miles of the recorder, the relative size of
the positive changes increamsed esnd the posltive changes
beceme more frequent than the negative changes, When the
storm center was over the recorder, all gradient changes
wvere positive, TFinally as the storm center receded from
.the recorder, the negative gradient changes again became«;
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larger and more frequent than the positive changes. This
observation alse supporta the qualitative plcture of the
structure obtained from the gradient trend and the partial
quantitatlive plcture from the stroke analysis described in
sectlions 3 and 4,

The conclusion ie in agreement with the polarity of a
thunderstorm predicted by G, T. R. Wilsonl's theoery. The
results, however, do not offer any conclusive test of the
detalls of the theory. The concluslion 1s contrary to the
predlcetlion of the Simpaon theory of thunderstorms, which
placee the positive charge lower in the cloud than the
negative charge in the region of the charge genseration.

The conclusion on polarity of the thunderstorm 1is simi-
lar to that reached by Wilson (reference 4) ard Schonland
(reference 5) on the basis of gradient measuremeits. The
present method, employing a number of potential—gradient
recorders, is capable of ylelding more definite quantlita—
tive information on the various phases of thunderstorm
development and overcomes some of the chlef objections
that have previously been advanced against surface potential-
gradient methods.

The results of Simpeson and Sorass {(reference 6), who
neasursd gradients in thunderclouds with apparatus on free
balloons, have been used in support of Simpson'!s theory.
Owing to the fact that the chaerge structure changee during
the balloon ascent as the result of lightning strokes and
owing to0 the fact that the horizontal displacement of the
balloon with respect to the active reglon is difficult to
determine when the balloon 1s within the cloud, the results
of Simpson and Scrase do not lead to a clear 'interpretation
of charge structure. This point has been discussed by Byers
in reference 7. L

Humphreys (reference 8) has recently suggested a modi—
flcation of Simpsonls breaking-drop theory of thunderstorm
charges in which the positive charges located on the larger
drops are maintained high in the cloud by the strong verti-
cal air currents, The negative charges are first carried
upward and then deéscend outside the nmain upward current.
Humphrey's suggestion would lead to correct polarities in
well—developed storms dbDut does not clearly account for the
fact that the first gradlents observed in a growing storm
are negative instesd~of positive.

Data obtalned from several syachronised recorders
¥Yield adfitional quantitative amd gqualitative information
on the charge structure of thunderstorms end changes in
charge structure that accompany their growth and decay.
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The negative charge centers were found to vary in
height between 2.25 and 3,26 miles above the surface of
the earth; the positive charge centers were found between
3 and 4.5 miles above the surface. The characteristic
height of negative charges was approximately 3 milee and
the characteristic height of positive charges was abouil
4 miles, These helights are, respectively, 1.5 and 2.5
miles above the cloud base.

The magnitude of the - charges involved in all types
of stroke analyzed varied between 10 and 180 coulombs.
The charge magnitude was most frequently found to be be—
tween 20 and 50 coulombs.

The first strokes in the early part of the storm were
entirely within the cloud and discharged vertical or in—
clined dipoles. The charge magnitudes were small, and the
‘stfoke—path lengths were between 0.5 and 1 mile. .Lighi-—
ning activity usually continued for several minutes in the
cloud before the first cloud—ground strokes occurred. In
2 storm that had been active for some time, the charge
magnitudes were larger and stroke léngths of 3 mlles or
more were not uncommon, In.a very active storm, such as
the storm of August 20, the number of clould—ground strokes
agaln decressed and the last strokes were usually within
the cloud. o

All cloud—ground strokes anslyszed transported nega—
tive charge from the lower part of the.cloud to the
ground, ‘Although this observation'does not prove that
cloud—ground strokes never transport a positive charge to
ground, 1t indicates that, 1f cloud—ground strokeés trans—
porting a positive’ charge downward exist, they are rela—
tively infrequent. The writers have previously msade this
observation in another investigation; McEachron (refer—
ence 9) and Lewis and Foust (reference 10) using totally
different experimental methods have arrived at similar
conclusions. .

It 48 of interest to note that, since cloud—ground
strokes transport negative charge to the ground, a well—
developed storm that has produced many cloud—ground
strokes should have an excess of positive charge in the
cloud., Thie excese must ‘account for the fact that the
pPosltive gradients have a wide distribution and large:
magnitudes in the vicinity of well-developed storms., This
" fact, together with the fact that the positive charges are
frequently displaced 'in the diredtion of storm motion, ac—
counts for the very large positive gradients in advance
of some well—developed storms,



32 . NACA Technical Note Ko, 850

Several meteorological correlations with the charge
data are of- lnterest,

The charge structure located in the clound was above
the calculated position of the 0° O isotherm, The charge—
generating process occurred in a reglon of the cloud in
which both water and ice particles were probably present.
Although 1t is impossible to draw any definite conclusions
on the basls of these results, the observations support
the suggestlion that the fundamental charge—generating
process may be intimately associated with the change of the
state of water,

Byers (reference 7) has pointed out that airplane
pllots have observed most displays of coronas on theilr
airplenes near the —10° ¢ isotherm and have in that region
experienced the greatest diffliculty with rain and snow
static, The phenomena seem to occur in clouds that are
not cumulo—-nimbus., In at least one case a pilot observed
ligquid water in assoclation with ice in the form of fimne
hall or sleet, On the basis of these obeervations, Byers
suggested that heterogeneous mixtures of ice, ligquld water,
and vapor might be significant in the charge—generating
process,

It is significant to note that the —10% € isotherms
lle close to the boundary between the negetive and the
positive charged regions in the Albuguerque thunderstorms.
The —10° O isotherm would therefore be a surface on which
large gradients would extend over largs areas.

The rain sheets that are ordinarily assoclated with -
the transition of a cumulus into a cumulo—nimbus cloud
are apparently vislble below the cloud level after elec—
trical activity in the cloud 1s well under way. In the
one case {(the storm of Aug. 25) in which an accurate time
observation on the first appearance of a raln sheet was
made, the gradlients under the cloud had been negative for
8 or 9 minutes, This interval 1s of the order of magni-—
tude of the time of fall of large dreplets from the top
of the charge strusture to the cloud base. In other cases
vhere the observer'!s attention was particularly directed
to lightning observations, it was incidentally odserved
that the appearance of increased negative gradients pre—
ceded or occurred at nearly the sesme time as the initial
appearance of the rain sheet. XNo rain sheets were observed
before the top of the cloud presented the soft appearance
usueally attrlibuted to lce particles,
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The cloud photographs reveal the fact that the ver—. -
tical flow of air tekes place in a pulselike fashion.
Bach upsurge is associated with inoreased potential gra—
dients and stroke frequency. In the as%orms for which it
is possible to follow the cloud development, the stroke
frequency deécreases when the cloud ceases to grow in
height or to increase in volume at the top.

OONCLUD ING REMARKS

Reference was made in the introduction of the paper
to & method of study that would enable the more than usu—
ally complicated strokes of a storm to be analyzed. These
strokes involve repeated discharges or sequences of (is—
charges that follow in time sequence too closely to be
separated by the slow potential—gradient recozders used
as indiceted in the foregolng discussion. In spites of
these difficulties, it appears, however, that the rela—
tively simple and fruilitful method of studying charge
transfers and charge structure may be achieved by using
at least eight fast recorders that operate with sufficlent
time—resolving power %o separate all or nearly all of the
individual stroke elements. Photographlc mesasurements
with cameras developed by Professor C. V. Boys have shown
that most of these individual,stroke elements have time
- separations of more than 0.01 second and many of them
have separations of 0.l second or more.

Barly in the summer of 1939 the writers devised a
recorder consisting aimply of an exposed electrode, simi-
lar to devices used in the early work of Wilson, that wes
connected directly to the elememnt of a rather fast—acting
string electrometer. The position of the string was
photographed with a cemera system eimilaer to that used in
the slow recorders except that the film moved about 130
times as fast., The exposed electrode was connected to
ground through a high—resistance leak., The time constant
for the circult wae made sufficliently long to permit re—
cording the stepped changes in the potential gradlent due
to repeated discharges and at the same time keep the eleo—
trometer from going off scale as a result of slower steady
changes in %the potential gradlent. TFour recorders of this
type were constructed and installed, These instruments
were used on one or two storms as & preliminary test of
the method and they give promise of yielding very valuable
results for the following reasons, . ) h
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A serles of rapldly repeated lightning strokes 1is
made up of & number of single elements that, in general,
take place with appreciadble time separation., XEach ele—
ment will, in general, involve transfers between two cloud
chargea or between one cloud charge and the ground. These
slmple structures can.be analyzed by the method indlcated
in the introduction of this report, This method of dPreak—
ing down the most complicated structures should enable one
to obtain a relatively complete plcture of the charge
structure. Following this line of analysis, a cloud—to~
ground repeater should resolve itself into a number of
elements showing the ground as one pole and, successively,
different regions of the cloud as the other pole. An in-—
tracloud repeater should be resolved inio a Buccession of
dipole strokes,

A stroke analysils of a storm based on this technique
should yleld extremely valuable informaetion about the ac—
tlve centers of the storm, Oenters of charge resulting
from the chief oharge—separating mechanism of the storm
could be indicated as reglons moast frequently involved in
stroke activity. Furthermore, this method of attack will
serve to indicate that many charge centers normally found
in a well—developed storm are not directly assocliated
vith fundamental charge—generating processes, These cen—
ters may result from charges transferred within the cloud
by convection or residues along the path of lightning die—
charges during intense aotivity, or charges on the rain
below the cloud, Occasional lightning strokes, such as
elr discharges, may take place between these accldental
centoers but the nature of these centers will be betrayed
by emaell stroke activity between them. The method sug—
gested, therefore, is one of studying the charge structure
of the storm and the generating mechanism by a relatively
complete study of the disruptive transfere of charge within
the cloud. o

The instruments that were used did not gilve any indi-
catlion of the potential gradlient under the cloud but indi-
cated merely the changes in this gradient due to lightning
dlischarges, The results of the trial were not significant
because only four recorders were used, The technlque,
however, was satlesfactory and suggests an important exten—
slon of the method of charge messuremeant by observing sud—
den changes in the surface potential gradient.

University of New Mexico,
Albuquerque, N. M., May 4, 1940,
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TABLE 1IA
ELEVATION OF CLOUD BASE FOR BIGHET STORMS

Cloud base height of the 0° O
Date above the surface [isotherm above the
surface
(£%) (niles) (£%) (miles)
dugust 1939

2 . 6800 1.3 11,400 ‘2.2

6 6900 1.3 11,600 2,2

9 7600 l.4 10,600 2.0

10 23100 1,7 10,600 2.0
13 7600 l.4 11,200 2.1
16 8400 1.6 11,300 2,1
20 7000 1.3 10,400 2.0
26 8500 1.6 10,300 1.9
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TABLE III
POTENTIAL-GRAD IENT DATA FOR AUGUST 13, 1939
[Potential gradient given in volts per -cm]
Recorder

Tine ™ aunber
(pem.) 1 2 3 4 5 6 4 8
3:00 2 0 2 3 12 7 2 17
3:05 3 0 6 -7 15 156 3 25
3:10 4 2 20 1l 20 20 53 35
3:16 5] 6 20 10 22 16 6 70
3:20 3 16 120 17 30 70 10 165
3: 26 7 30 150 25 35 86 25 200
3:30 6 35 150 60 30 895 25 230
3:36 -30 2b 170 60 40 g0 65 330
3:40 70 30 160 70 60 80 896 210
33456 —40 30 150 60 74 78 8b 2456
3:6560 60 36 150 80 22 74 260
3:6b6 100 35 20 80 83 73 260
4:00 70 30 O feeoes 73 70 270
4: 05 74 30 —5 e s e s 70 0 _100
4:10 -40 30 140 70 68 -12 -75
4:15 =100 30 —-40 —~80 72 —24 =20
3:20 97 30 —-35 62 —-25 —40
4:25 —-04 30 =20 40 68 ~20 -10
4:30 0 30 -~30 60 72 =30 -~160
4:35 60 30 -30 B0 72 =116
4:40 70 30 e} 40 850 =160
4:45 80 13 10 -30 60 -=100
4:60 o] 30 12 0 -35 —55
4£:5b6 60 7 156 40 -850

5:00 76 o} 0 60 —45 -20 -85 260
5:05 80 20 -35 =70 =15 10 |=170 240
6:10 80 ~30 —-40 -9 0 —-25 40 | =210 240
65:16 75 -60 ~50 |-100 -50 g0 |-190 240
5:20 30 35 -30 |=100 |-=100 87 |—-1986 230
b:2b6 86 25 40 Jeeeee| =82 45 |—-200 230
6:130 80 -35 =10 -30 |-110 45 -85 170
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